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ABSTRACT 
A capacitive transducer was developed for measuring 
the free surface motion in Hydrostone blocks loaded by 
an explosive plane wave generator approximately one foot 
from the specimen. The charge to specimen distance was 
adjusted to produce a single spall, the position of the 
fracture being noted on the recovered specimen. The 
longitudinal wave velocity in each specimen was deter-
mined by the ultrasonit pulse technique before each shot. 
From the above measurements the stress, strain and strain 
rate at the point of fr acture were determined. An attempt 
was made to determine the actual fracture time with im-
bedded conductive graphite rods, howeve~ it was not suc-
cessful. It was concluded that the size of the specimen 
(6 by 6 by 4 in.) 0as too small for meaningful measure-
ments of dynamic strength since the explosion pulse was 
found to be longer than twice the length of tl1e specimen. 
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CHAPTER I 
INTRODUCTION 
Statement of Problem. Instances involving the action of 
intense transient loads are being encountered with in-
creasing frequency in modern technology. Seismic and 
diverse explosive loads occur in civil and industrial 
structures, and are dealt with in work on mining research. 
Dynamic loads also arise in all cases where machine oper-
ations involve the striking of one machine part against 
another or against the work piece. The rate at which 
these loads are applied has a pronounced effect on the 
deformation behavior and strength of many materials. 
The exact nature of this effect is not yet fully ex-
plained. There are many questions to be answered. Is 
the effect of dynamic loading constant, or does it depend 
upon the actual rate of loading? Is this effect due to 
the rate of straining or the amount of energy put into 
the system? 
It is the purpose of this investigation to deter-
mine the dynamic tensile strength of rock-like materials 
subjected to high impact loads. The dynamic strength 
is generally thought _to be some function of the strain 
wave parameters, strain rate, peak strain, strain energy, 
temperature, etc. 
2 
Materials when subjected to dynamic-impulsive loads 
can fail in several ways. The mode of failure can be in 
the form of cratering by explosives or hypervelocity im-
pact, or spalling. This investigation will deal primar-
ily with the case of spalling where a tensile failure is 
produced when a compressive wave reflects from a free 
surface in tension. 
Previous Work. The dynamic or sudden application of 
loads generally enables materials to withstand higher 
stresses before yielding than would be the case with loads 
statically applied. Early studies were made on thin 
wires under tensile impact. Ludwik (1) performed such 
tests with constant force and with constant strain rate. 
He found that with higher velocity of loading, the mate-
rial can withstand more stress at a given strain. The 
studies made on thin wires were extended to thin bars 
impacted in compression. 
The first one to devise a satisfactory method for 
recording transient stresses was Hopkinson (2). This 
method involved impacting a suspended steel rod with a 
rifle bullet or a charge of guncotten. At the far end 
of the suspended bar a separate section of bar was at-
tached butt end to end magnetically. The compression 
wave travels across the joint practically unchanged and 
continues to act until the reflected tension wave arrives 
3 
back at the jo1nt. The net stress at the joint then goes 
to tension until the magnetic force is exceeded and the 
attached section flies off. A ballistic pendulum was 
used to measure the trapped momentum. A pressure · time 
. curve was obtained by varying the length of the attached 
section and plotting the resulting momentums. The max-
imum pressure and total duration of the impact were also 
obtained. Hopkinson's original method was comparatively 
simple. It had several disadvantages: 
(1) It gave for different sections of the pulse 
only a series of pressure-time integrals. 
The maximum pressure and time cotild be deter-
mined, but the actual pressure-time curve could 
not be determined with only one test. 
(2) The force necessary to break the greased joint 
introduces an unknown variable. 
(3) Th~ method assumes that the pulse does not 
change in form as it is propagated down · the 
bar. 
The technique was later developed by Landon and 
Quinney ( 3 ). They used a bar with a conical end which 
created a tensile stress as the tail end of the wave ap-
proached the joint. More recently R.M. Davies (4) made 
a critical study of the method. lie described a modified 
4 
form of the apparatus in which the axial and radial 
displacements of the bar were measured with parallel-
plate and cylindrical capacitive devices. In this method 
the first two of Hopkinson's difficulties were overcome 
by eliminating the pellet and greased joint and obtaining 
a continuous record of the very small displacement of 
the free end of the bar. 
Kolsky (.5) used an apparatus based on that designed 
by Davies for making stress-time measurements. The spec-
imens in the form of thin discs, were placed between the 
flat faces of two cylindrical steel bars. A dynamic 
pulse was applied by firing a detonator at the end of 
one of the bars and the displacement at the free end of 
the other was Jneasured with a parallel-plate capacitance 
gauge. A cylindrical capacitance gauge was also fitted 
around the bar between the detonator and the specimen , 
this was used to measure the amplitude of the pressure 
pulse arriving at the specimen; and the deformation of 
the specimen could then be deduced. The main disadvantage 
of the method is the fact that the specimens have to b~ 
compressed between two parallel surfaces, and that even 
when lubricants are used, there is some uncertainty 
whether there is free lateral movement of the specimen , 
and whether the effects of friction between the specimen 
5 
and the bar are not introducing large errors. 
The use of bars introduced complex geometry which 
placed the original assumptions in question. The most 
recent attempts at studying the rate effect have been 
made in uniaxial strain, i.e., the impact or explosive 
loading of flat plates or blocks where the edge effects 
do not interfere with the experimental observations over 
very short times. 
Rinehart (6,7) developed a techniq~e £or measuring 
the shape and stress distrjbution of a pulse generated 
by a specific and reproducible impulsive load. It con-
sists of measuring the momentum trapped in a small pellet 
lightly attached to the back side of the loaded material. 
The thickness of the pellet was varied in steps. Portions 
of the wave are trapped in the pellet and by measuring 
the velocity of the pellet its momentum can be found. 
By plotting these momentums as areas a curve of velocity 
vs. pellet thickness can be obtained for a given dis-
tance from the loading surface and for a given charge. 
This curve can be easily transformed to a stress-time 
relationship using the equation 
cr = pCV 
Haas and Rinehart ( 8 ) developed the pellet tech-
nique further by using pellets of different material on 
6 
the surface of specimens to be tested. 
Hino (9) determined the shape and intensity of a 
stress pulse in rock specimens produced by a shock load 
by measuring the velocity of rock fragments spalling off 
the specimens. The velocities of the rock fragments were 
measured by a high speed camera or chronotronmeter. He 
found dynamic tensile strength of rock estimated on the 
basis of velocity measurement is more than double of . 
that obtained statically. 
Dynamic fracture strengths have only recently been 
measured (10,11). The Rinehart pellet technique was used 
to obtain the results. The technique consists of using 
a transient stress wave of known intensity to spall the 
rock, repeating the experiment over and over at slightly 
increasing or decreasing stress intensities in order to 
determine the threshold stress at which a spall fracture 
just develops. The pellet technique was then used to 
determine the peak stress in the incident wave . Com-
paring dynamic tensile strengths with static tensile 
strengths, it was found that dynamic strength is six to 
ten times greater than static strenth. 
Dynamic fracture strengths were investigated by 
Caudle and Clark (12) using small short rock beams. The 
beam was simply supported , and subjected to impact at 
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midspan with the strain in the bottom fibers of the beam 
being measured with resistance strain gauges. It was 
found that the peak strain at failure was as much as ten 
times higher for explosive loading than it was for low 
velocity impact loading. 
Price, et. al. (13) tested equally dimensioned discs 
by the Brazilian method. Their work showed a considerable 
variation of computed tensile strength with rate of loading, 
the strength increasing with loading rate. 
Sassa, Coates and Ito (14) used a pin technique to 
measure the stress wave caused by a surface explosion. 
A column charge with ion gap wires was placed at the 
center of the upper surface of a plate specimen. The 
plate width was large enough to prevent any edge effects 
on the peak stress values. A very thin aluminum foil 
was cemented to the under side of the specimen. Three 
brass pins were arranged on a circle concentric with the 
charge axis, and the tips of the pins were adjusted to 
specified distances from the lower surface of the speci-
men. On the arrival of the stress wave at the lower sur-
face of the specimen . the particles move downward. Con-
tact is thus made between the aluminum foil on the bottom 
of the plate and the first, second and third pins. From 
the data obtained the particle velocities were calculated 
and the intensity of the stress pulse determined. 
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Experiments were performed by Grine (15) to measure 
the particle and wave velocities induced in greywacke and 
concrete cores. The specimens were explosively loaded at 
one end and the motion of each core was photographed with 
a high speed framing camera. He was able to determine 
the level of axial stress at various distances from the 
loaded ends of the cylinders. The stress level needed to 
produced visible damage to one rock, a nonporous grey-
wacke, was found. This stress level was 6.7 times the 
static compressive strength of the rock. The greywacke 
used in the experiments supported a tensile strength 
of about a hundred times its probable static tensile 
strength before a spall fracture was completed. 
The U.S. Bureau of Mines under the direction of 
Fogelson, Andrea, and Fischer (16) conducted surface dis-
placement studies using a capacitive-gauge system similar 
to that used by Kolsky. Their system was modified to 
measure displacements on a plane surface that is large 
compared to the area of the capacitor plates. 
Recently work has been completed at the United States 
Naval Ordnance Laboratory, White Oak, Maryland (17), to 
determine the role of mechanical-strength properties on 
the spallation phenomena due to hypervelocity impact. 
The magnitude of the shock pressure arriving at the back 
9 
surface of a steel target plate was monitored by observing 
the motion of aluminum dust particles pushed of£ the back 
surface by the shock wave. The spall thickness and amount 
of deformation of the spalled piece were measured. 
10 
Approach to the Problem. From the discussion of previous 
work, it is evident that a . great ·amount of basic research 
is needed for a thorough understanding of material sub-
jected to high velocity impact loads. The investigation 
described here was a basic study of the strength of rock-
like material subjected to explosively induced impulsive 
loads. 
The pr1mary areas of investigation were those con-
cerning stress intensity, strain rate, and the type of 
failure. A plane wave stress pulse was applied through 
a1r to a rectangular Hydrostone block. The stress pulse 
was produced by a geometrical confiiuration of explosives 
to form a plane-wave generator. The distance from the 
specimen to the generator was varied to control the in-
tensity of the impulsive load. The lateral dimensions 
of the Hydrostone block were larger than the longitudi-
nal dimensions to minimize edge effects. Since the time 
intervals involved were assumed at first to be very short, 
edge effects were not considered. Graphite rods were 
cast into Hydrostone blocks to form part of a time of 
fracture circuit. The location of the failure plane was 
determined by catching the specimen in an energy absorb-
ing "catcher" and examining it afterwards. Surface 
movement of the far end of the model was measured using 
11 
a parallel plate capacitance technique. This technique 
was used because of the high frequency response attain-
able with a capacitance gauge. Also, since the gauge 
does not touch the specimen, it does not load it, which 
allows the surface to move freely. The side of the 
block a~ay from the explosive was painted with a con-
ducting material which functioned as one plate of the 
measuring capacitor. The data obtained from the mea-
surements was used to make plots of surface displace-
ment stress, strain, and strain rate, all versus time. 
An ultrasonic pulse technique was used to obtain the 
longitudinal wave velocities of the test blocks. Using 
the theoretical relationships involving particle ve-
locities, propagation velocities, density, and stress, 
the plot of the incident compressive stress wave was 
obtained. From acoustic theory a tension wave will be 
reflected at a free surface having a magnitude equal 
to the incident compressive stress for normal incidence. 
By superimposing the reflected pulse on the incident pulse 
corresponding to the time and location of fracture of 
the specimen, a plot of the net stress versus time at 
the point of failure can be determined. This plot will 
then represent the complete stress history at the point 
of failure from the time it was first loaded in compression 
12 
until it failed in tension at its dynamic tensile strength. 
This method of determini~g the strength parameters of a 
material is unique from any known investigations con-
ducted to date. 
13 
CHAPTER II 
THEORETICAL CQNSlDERATIONS 
In a longitudinal pulse the particle motion is par-
allel to the direction of propagation of the pulse and 
the strain is pure dilatation. 
The relationship between longitudinal stress a at 
any point in a body and the longitudinal particle veloc-
ity v1 at that point can be derived from Newton's second 
law of motion. (see Fig. 1) 
Stress 
Fig. 1 
ship. 
Stress Wave 
pec1men 
Distance Along Specimen or Wave 
Cross-
Sectional 
Area = 1 
- Figures for Derivation of Velocity-Stress Relation-
(After Rinehart, Ref. 7 . ) 
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F t = mv L L (1) 
The longitudinal force FL acts on any g1ven cross sec-
tion, t is the time the force acts, m is the mass it acts 
against, and vL is the velocity imparted to m by FL. 
In differential form equation 1 becomes 
Considering a body of unit cross sectional area (A=l), 
(3) 
and dm ~ pd(volume) (4) 
Where p is the mass density of the material. For a unit 
cross section, 
d(volume) = Ads = ds (5) 
therefore 
dm = pds (6) 
By combining equations 2 '3' and 6 the following relation-
ship is obtained 
adt = pdsvL (7) 
15 
or 
(8) 
However the propagation velocity 
ds 
= dt (9) 
therefore 
(10) 
When a transient pulse is transmitted from one 
medium into another having different physical properties, 
the disturbance is modified as it crossed the interface. 
In general the pulse will be both reflected and trans-
mitted. The modification of ·the pulse as it crosses 
this interface are governed by laws derived from the 
two boundary conditions: (1) the stresses on the op-
posite sides of the boundary are equal, and (2) the 
particle velocities on opposite sides of the boundary 
are equal. 
The equations which express the above conditions 
for a plane wave striking the interface at normal inci-
dence (Fig. 2) can be expressed as 
(11) 
16 
and 
(12) 
where o 1 , oR, crT; v 1 , vR and vT are the instantaneous 
values of stresses and particle velocities for the inci-
dent, reflected and transmitted pulses. 
p ,c p ,c 
1 1 2 2 
VI VT 
Fig. 2 - Velocity Conditions at on Interface 
From the equation 0 = pcv it follows 
= 
OI (13) VI PI C . 1 
OR 
VR = 
-p c 
1 1 
crT 
VT = p c 
2 2 
17 
where p and c are the density of the material and veloc-
ity of the propagation of the pulse, respectively, and 
subscripts denote the first and second mediums. 
tuting equation 12 into equation 13 
p c 
1 1 
--- = p c 
1 1 
p c 
2 2 
Substi-
and solving equations 11 and 14 simultaneously, first 
for a 1 , then for oR in terms of a 1 , the two fundamental 
equations governing the distribution of stress at an 
abrupt change in media can be obtained 
(J 
= T 
2p c 
P c ·+ p c 0 1 
2 2 1 1 
p c - p c 
~2..__,2!:&-.__----'1,_ 1 0 
p c + p c I 
2 2 1 1 
From these equations it is easily shown that if the first 
medium is a solid and if the second medium is air ·very 
little stress will be t tansmitted since p c for air 1s• 
2 2 
very small compared to p c for solids in general. It 
1 1 
can be seen from Eq. (16) that since p c for air is 
2 2 
very small most of the incident stress will be reflected . 
The reflected stress will be equal in magnitude, butop-
posite in sign to the incident stress. 
(14) 
(1 5) 
(16) 
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If a material is considered which is strong in com-
pression and which will fail in tension at some lower 
and predetermined value of stress the spalling phenomenon 
can be illustrated. Also, for simplicity assume a saw-
toothed compressive pulse whose maximum stress a is 
0 
greater than the tensile strength of the material. The 
pulse advances tolvard the surface of the material and 
begins to be reflected as shown in Fig. 3. As the re-
flection proceeds the net stress will be constantly 
changing and at any instant will be the algebraic sum of 
the tension and the compression at the point. Whenever 
two waves interfere or overlap, the superposition prin-
ciple applies. The principle states that motion re-
sulting from the simultaneous action of any number of 
forces is the vector sum of the motions, due to the forces 
taken separately. The net stress at any point is given 
by the equation 17 
(17) 
From Fig. 3· it can be seen that the net stress at the 
front of the reflected wave will increase in tension 
from zero as the reflection progresses. At some point 
during the interference of the inc~dent and reflected 
Cpmp. 
Tens. 
Comp. B 
Tens. 
Comp. 
A c 
Tens. 
Comp. D 
Fracture 
Tens. 
Fig. 3 - Dynamics of Spall Formation. 
Ref. 7) 
Free Face 
./1 
, I 
---4-
1 
I 7 
/ 
/ 
v6 
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(After Rinehart, 
20 
pulses the net stress at the front of the reflected pulse 
will reach the critical normal fracture stress crc of the 
material if the fracture strength is less than the max-
imum compressive stress in the incident wave. The re-
suiting fracture plane will be parallel to the free sur-
face. A fracture formed in this way is termed a spall 
or slab and the fracture process is referred to as spall-
ation or slabbing. 
When a spall forms, a portion of the ·incident wave 
1s trapped in the material between the initial surface 
and the newly created fracture surface. The velocity 
at which the spall flies off due to the momentum trapp~d 
within it is equal to twice the average particle velocity 
of that portion of the incident wave trapped in the 
spall (18). This velocity can be found by equating the 
impulse of the trapped part of the wave to the momentum 
of that portion of the material 
cr + cr 
0 . 1 t (18) 
2 
where 6 is the thickness of the newly formed portion 
of the material, t is the time interval 26/c and cr 1 is 
the compressive stress acting at the same point as the 
front of the reflected tensile wave. 
21 
It is then possible to express the thickness 6 of 
the spall in terms of a 0 , ac, and the length of the pulse 
A, if these quantities and the shape of the pulse are 
known. 
For a spall to form 
a == a - cr · (19) 
c 0 1 
and from the geometry for a saw-toothed pulse as in 
Fig. 4. 
a - a 
A - ct (20) 
1 0 
Oo 
i :-- c t -- > 
: A . I ~~---·------- · ·-----------~ 
Fig. 4 - Geometry for Spall Thickness Det~rmination 
~here A is the length of the pulse and ct is the linear 
distance between a 
0 
and a 
1 
The time t for the wave to 
travel twice the spall thickness is g1ven by 
t = _2_o 
c 
22 
(21) 
Then combining equations 18, 19, and 20 and solving for o 
0 = (22) 
The preceding derivation is concerned only with 
the stresses associated with the stress wave. The fol-
lowing derivation relates the strains to the propagation 
velocity and the particle velocity. 
Suppose the particle velocity-time profile and 
particle velocity distance profile have general shapes 
as indicated in Fig. 5. Since the wave is assumed to 
be plane and elastic, there will be no change in the 
shape or intensity of the wave as it travels through 
the medium. Consider time to be zero when the wave 
first reaches point A in the medium. The displacement 
s of point A at some time t is 
0 
t 1 0 vdt 
0 
(2 3) 
Q) 
11X to - -
c 
time 
Particle velocity-time profile. 
distance 
\ 
__ _.;,..\_~ 
\ 
\ A B 
k-_ I1X_~ 
! I 
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Fig~ 5 - Particle velocity-distance profile at time zero. 
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Similarly, the displacement o£ point :B at the same time 
is 
(24) 
The strain at point A in the direction of propagation 
at time t may be expresses as 
0 
e: 
A 
lim 
6x-+O 
= 
lim 1 
6x-+0 6x 
= 1 i m ~{I (to d t 
6x-+O 6x I} v 
0 
t f 0 Vdt 
t - /).X 
0 c 
f vdt 0 
0 
where compressive strains are considered positive. 
( 2 5) 
If the integral in the equation is considered as 
the numerator"of a fraction (6x being the denominator), 
the limit has the indeterminate form 0/0. The li~it 
can be evaluated by applying L'Hospital's rule. 
t 
0 
lim j vdt 
6x-r 0 
t 6X 
C) c 
AX 
= 
t 
0 
lim 
AX-+0 d~x J vdt 
t - 6.x 
0 c 
1 
(26) 
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Leibnitz's formula can be used in taking the derivative 
of the integral. This formula states (~9) 
f f3 (x) if g(x) = f(x,t)dt 
cc (x) 
(27) 
then g' (x) = (x,t)dt + f[x,8(x)]B'Cx)-f(x,a(x)]a'(x) 
(28) 
providing certain conditions for existance and continu-
ity of the various functions are satisfied. These con-
ditions are all satisfied for this problem. In this de-
rivation 
f(x,t) = v = v(t); a! f(x,t) 
8 (x) = to ; 8' (x) = 0 
a (x) -- t L\X • 0 --
c ' 
a' (x) = 1 -c 
= av(t) = 0 
a.L\x 
thus 
t d~x I ovdt 
t _ 11X 
0 c 
and finally 
e:, 
'A 
lim d ::: 
llX-+0 d11x 
t 
= f 0 0dt 
t - -~~ 
0 c 
t J 0 Vdt 
t _ 11x 
0 c 
+ v(t ) o 
0 
= lim v (to _ 11x-+O c 
£ v = -A c 
26 
11x 
) = 
v (t ) 
0 
- c c 
(29) 
where v is the instantaneous particle velocity at point 
A in the medium. 
Equation 29 has been derived for a plane elastic 
wave propagating in an infinite medium, in which case 
the expression gives the strain in the direction of 
propagation, the strains in the two perpendicular direc-
tions being zero for all time. The strain rate in the 
direction of propagation can be obtained by differen-
tiating equation 29 with respect to time which g1ves 
E: = !. v 
A c (30) 
27 
CHAPTER III 
INSTRUMENTATION AND PROCEDURES 
Test Site. The field testing performed during this pro-
ject was conducted in a blast chamber located at the 
University of Missouri at Rolla's quarry. The basic 
setup is shown in Fig. 6. All leads were coaxial cable 
except on connections immediately in the blast area. 
Thirty to fifty foot cables were used to connect the 
circuitry shown to the oscilloscopes and recording equip-
ment located in the instrument truck. Power for the 
oscilloscopes was obtained from a portable generator. 
List of Equipment in Figure 6 
1. Hydrostone Specimen. 
2. Type 502 Dual Beam Oscilloscope, Tektronix, Inc. 
3. Type 535A Oscilloscope, Tektronix, Inc. 
4. Oscilloscope Camera, Hewlett Packard Model 198A. 
5. Oscilloscope Camera, Analab Type 3621. 
6. Firing Box. 
7. Capacitance Gauge and Support. 
8. Capacitance Gauge Feed Unit. 
9. Capacitance Gauge Voltage Supply (SOOv). 
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Fig. 6 - Schematic Arrangement of Test Equipment 
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10. Plane Wave Generator 
11. 45 Volt D.C. Batteries, Eveready. 
12. Piezoelectric Crystal. 
13. Ionization Wire. 
14. Pedestals. 
15. Energy-absorbing Catching Device. 
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Capacitive Transducer. A capacitance gauge was used to 
measure surface motion of the test blocks. The capaci-
tive-type transducer is extremely sensitive over a wide 
range of frequencies. The frequency response is limited 
only by the electric circuit used. The capacitive sys-
tem is superior to the resistance-wire strain gauge in 
providing a high output signal and in providing better 
temperature stability (20} . . The design is a modification 
of the equipment used at the Twin Cities Mining Research. 
Center, Minneapolis, Minn., ( .~0. It consists basically 
of a metal circular disc separated by air from a flat 
surface of the specimen painted with conducting material. 
The painted surface forms one plate of the capacitor 
and the metal disc forms the other. The gauge is con-
nected to a feed unit with coaxial cable and from this 
unit the signal is sent to an oscilloscope. The ori-
entation and design of the gauge is shown in Plate 1. 
The feed unit design was taken directly from the Bureau 
of Mines Report of Investigations 6679 (16) . with the 
exception that the capacitances of the long coaxial 
cables had to be included in the circuit analysis. The 
circuit diagram including the lead wire capacitances 
is shown in Fig. 7. Measuring a change in 
c· = 
1 
c = 
2 
c = 
3 
c = g 
v = 
R = 
1 
l 
R = 
3 
c = 
'+ 
R 
1 
.00125 mf 
0.1 mf 
lead w1re 
Actual Circuit 
capacitance, 114 
vari.able ·gauge capacitance 
500 volts 
44 megohms 
3 megohms 
pf 
Oscillo s cope input capacitance, 
R 
1 
c 
'+ 
47 pf 
Equivalent Circ~it 
c' ~ c + c + c 
1 1 3 '+ 
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Fig. 7 - Actual and Equivalent Capacitance Gauge . 
. · 
Plate 1 - Orientation and Design of the Capacitance 
Gauge. 
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voltage in the capacitance gauge circuit versus time was the 
method employed to determine surface displacement of a hydro-
stone specimen. From derivations shown in the Bureau of 
Mines Bulletin 6679 the displacement of a free surface 
33 
with respect to a fixed plate 
t:__L + Cg) X 
c (31) g 
X = initial plate separation 
v = source :roltage 
!:J.v = change 1n voltage 
c = loading capacitance 
1 
c = initial gauge capacitance g 
c = capacitance of lead wires w 
c' = c + cw 1 1 
If the lead wire capacitance 
31 must be reolaced by c' 
.c 1 
is included, c in equation 
1 
This equation holds if the 
displacements are small compared to the initial plate 
separation. In the experiments described in this thesis 
the displacements were not small compared to the initial 
plate separat~on so that a new derivation was necessary. 
Since the two resistances in the circuit are r~l-
atively large, the total charge in the circuit shown 
in Fig. 8 remains constant and the following derivation 
is possible. 
Fig. 8 - Circuit Diagram for Derivation of Displacement 
Equation 
34 
= initial charge on c and c g 1 
= charge on c and c at some time later when c has g 1 g 
changed due to plate movement. 
= 0 
From the definition of capacitance 
Q1 = (c 1 + cg )v 
Q2 = (c 1 + cg+ t>cg) (v + ,w) 
Comb1·n1·ng Eqs. ~3 34 and 35 · 
_, ' ' 
c v + c v 
1 g c v 1 
c v -~c v - c ~v g g 1 
Change signs to positive 
~c v + (c + c + - ~c ) ~v = 0 g 1 g : g 
(32) 
(33) 
(34) 
(35) 
= 0 
(36) 
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Solving for 6v 
(37) 
The capacitance of two parallel plates cg with cross-
sectional area A and separation x is given by 
c = g 
KA 
X • 
where K is a constant for small variations in x. 
It follows that 
KA KA 
= --X + 6X X 
-KA6x 
= 
- c g 
(38) 
(39) 
where a decrease in the gap distance corresponds to a 
negative value of 6x. 
Therefore since 
6v = KA6x 
X + X6X 
v 
c 
2 
c 40) 
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Then 
c t1x 
--~g~·-- v 
x + 6x (c1 + cg + 6cgJ !1v = (41) 
Solving for 11x we obtain 
X + 6.X c 
= 
g v 
!J..X t1v c~ + c + ~cg) g 
or inverting 
6.X 11v (cg + c + Ac&) 
= .1 X + !1x v c (42) g 
The 11cg term can be eliminated since it is of negligible 
magnitude compared to c + c so that the final equa-
l g 
tion becomes 
~v 
= (43) x + !1x v 
From the above equation it is noted that a decrease 
1n the gap distance (11x negative) will result in a neg-
ative 11v on the oscilloscope trace. It is also seen 
that equation 43 is the sa~e as equation 31 except for 
the addition of a 11x term in the denominator on the left 
side. Equation 42 will hold for any 6X < x if the 
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assumption that cg = KA/x is valid. It was found by di-
rect me asurement of capacitance versus plate separation 
that this assumption was not valid for the particular 
geometry of the painted surface and disc used in these 
experiments. The discrepency was attributed to fringing 
effects aroud the edges of the disc. This difficulty 
was overcome, however, by accurately determining a capac-
itance versus plate separation calibration curve for the 
gauge and applying equation 40 to small increments on 
the oscilloscope trace using values of gaug e capacit a nce 
from the calibration curve. Effectively, this means 
that the value of K is assumed to be constant for each 
increment, but having different values for different 
increments. Comparing the experimental and the theoret-
ical curves of gauge capacitance versus plate separation 
it can be seen in Fig. g that this procedure is valid. 
The capacitances of all leads and components used 
1n the measuring circuit were measured to an accuracy 
of 0.1 picofarad. A curve of capacitance versus ~late 
separation was determined in the lab to an accuracy of 
0.1 picofarad and is shown in Fig. g. The range of gap 
distances varied from .010 inches to .125 inches. Feeler 
gauges were used to set the gap distances. The equip-
ment used for the measurements with the permission of 
the University of Missouri at Rolla Physics Department 
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consisted of a capacitance bridge, Type 711-C; a tuned 
amplifier and null detector, Type 1232-A; a unit oscil-
lator, Type 1210-C; and a unit power supply, Type 1203-B; 
all made by General Radio Corporation. 
The measured values of capacitance were compared 
with the theoretical values. The theoretical capaci-
tance between two parallel plates separated by a dis-
tance d is given by the equation 
c = A 41Td (44) 
A = area of plate 
The correction ~c for fringing at the edges of two iden-
tical plane parallel coaxial circular discs of thick-
ness t and radius r with square edges at a distance d 
between adjacent faces is given by the equation 45. 
_ ~ c 1 2 = r [- 1 + 1 n [ 16 1T r { 1 + t ) J + ~ 1 n { 1 + ~ ) J 
8.855xl0- d d 
when the mks system of units is used ( 4 5) 
The theoretical values of capacitance with and without 
the fringing corrections are also plotted in Fig. 9 
versus plate separation for comparison purposes. 
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In the field the . gap distance on the capacitance 
gauge was set with a feeler gauge, and the values of 
capacitance for surface displacement calculations were 
taken from the previously determined calibration curve. 
An important factor in the use of the capacitance 
gauge is its support. In preliminary tests the gauge 
support was in direct contact with the specimen. This 
arrangement proved unsatisfactory since in some cases 
the stress wave would travel along the gauge support and 
cause it to move away from the specimen face. This 
backward movement appeared as a blip on the oscilloscope 
trace. 
The Type 502 Dual Beam Oscilloscope made by Tektronix, 
Inc., received the signal from the capacitance gauge. 
The upper beam of the oscilloscope was used in prelim-
inary tests at voltage sensitivities ranging from 0.5 
to 1.0 v/cm. The time scale used was 50 psec/cm. The 
oscilloscope was triggered externally by the ionization 
circuit. The oscilloscope operated on a single sw~ep. 
Later improvements involved delaying the signal with 
the Type 53SA oscilloscope circuitry in order to obtain 
more expanded traces. 
Firing Circuit and pscillosc_<2]2_~ Triggering. Fig · 10 
shows the firing -circuit us ed for the tests. Two 45 
Volt batteries were used to charge a 60 microfarad 
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capacitor through a 33k-ohm resistor. Completion of 
the charging cycle was indicated by a total ionic dis-
charge in the neon light NE-2. The current d.elivered 
by the system was slightly in excess of 2 amp., which 
was adequate for the initiation of an electric blasting 
cap. 
The following safety features were incorporated in 
the firing circuit: 
(1) A spring-loaded toggle switch, SWL, when 
in the position (1) shown, isolated the 
capacitor from the batteries. 
(2) To charge the capacitor, the toggle switch 
was depressed and held in position (2) for 
5 seconds, after which the neon light shone. 
(3) Release of the switch SWL discharged the 
capacitor through the lOOk-ohm resistor 
in about 15-20 seconds if no current was 
used for cap initiation. 
(4) To fire a cap, SWL was released to posi-
tion (1) and the firing button depressed, 
which discharged the capacitor immedi-
ately to the detonator. 
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To Cap 
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Fig. 10 - Firing Circuit 
The oscilloscopes were triggered by the ionization of ap-
proximately three inches of tight~y twisted #30 Beldenamel 
wires which were taped to the explosive at the midpoint of 
4-3 
the plane wave generator. The circuit was open until 
the ionization accompanying the detonation front shorted 
the twisted wires thereby applying the 45 volt potential 
to the trigger input. The oscilloscopes were set for 
external triggering and D.C. mode. The triggering level 
of the oscilloscope was set at approximately 30 volts. 
There was a 5 to 10 ~sec delay between the ionization 
and when the oscilloscope triggered due to the time con-
stant of the circuit. This delay does not enter into 
the analysis, however. 
Fracture Time Circuit. To measure time of fracture, 
graphite rods 4 inches long and 0.046 inches in diam-
eter made by Scripta (pencil leads) were cast into the 
test models as shown in the section on specimen pre-
fabrication. The circuit is shown in Fig. 11. 
There was a voltage on the lower beam of the Type 
502 Dual Beam Oscilloscope as long as the circuit was 
complete. When the rock fractures in tension due to 
the reflected incident stress pulse, the pencil leads 
being of low tensile strength will also fracture, break-
ing the circuit. The time constant of the circuit was 
reduced by placing a lOk resistor across the input ter-
minals of the scope and a 33k in series with the battery 
to reduce the current flow from the battery. When the 
v = 45 
R = 33 
1 
R -- 40 
2 
R = 10 
3 
;-------r--1-------------~ ----· ·· ~ R, j ~ 1 I 
v-=--=---~ 
L'\ \ \' r--1-----·-
volts 
kilohms 
R 
2 
ohms, pencil 
kilohms 
lead 
R4 = 1 megohm , oscilloscope input resistance 
C 1 = 615 pf, lead cable capacitance 
c 2 = 4 7 pf, oscilloscope input ca1Yaci tance 
Fig. 11 - Fracture Time Circuit. 
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vout 
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circuit was broken, a voltage drop appeared on the oscil-
loscope grid which was recorded photographically with a 
Polaroid ' camera. The oscilloscope was triggered by an 
ionization gap connected to the e~plosive. 
Fabrication of Test Specimens. The test specimens used 
1n these experiments were blocks of Hydrostone, 6 by 6 
by 4 in. Each specimen contained two imbedded thin pen-
cil leads which were cast in the specimen as shown in 
Fig. 12. The pencil leads were set in the specimen so 
that one end would just touch the surface. The wire used 
to hold the leads in place while casting was #30 Beldenamel. 
This type of wire was also used as the lead wires to the 
internal end of the graphite rod. The enamel was scraped 
off the wires in order to make electrical contact with 
the pencil leads. A bead of solder was placed on the 
connection primarily to improve its mechanical stability 
for casting. The specimens were cast three at a time in 
a form made of plywood. The mix ratio was 28 lbs. Hydro-
stone (United States Gypsum Co.) to 10 lbs. of water. 
After curing for about a w~ek, the individual blocks 
were trued with coarse sandpaper; A 4 by 4 inch section 
on the side through which the pencil leads protrude d was 
painted with a conductive epoxy. Care was t a ken to 
6" 
« ·- ---- "" 
I 
Leads to Fractur~ Time Circuit 
6'' .~ 
1-- - ---- ---------
I 
···-···· ····---····· ·- ~ 
4" 
Pencil 
Le ads 
Fig. 12 - Specimen Design 
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assure that good electrical contact was made between the 
ends of the pencil leads and the pa~nted surface. A 
small section of the center of the opposite face approx-
imately 1 by 1 in. was also painted with conducting paint. 
Piezdelectric Impact-Ducer Circuit. A small piezoelectric 
quartz crystal 0.250 in. diameter, 0.025 in. thick, x-cut 
made by Valpey Corporation was glued to the surface of the 
specimen facing the blast. The negative side of the crys-
tal was placed in contact with the surface of the specimen 
which had been previously coated with a conducting paint . 
The negative side was the side which exhibited a negative 
potential when the transducer was compressed. A small 
lead wire was connected to the positive face of the crys-
tal by a drop of solder, care being taken so that the 
hot soldering iron did not come in contact with the crys-
tal, in which " case shattering resulted. The two wires 
from the crystal were soldered to a BNC panel rec~ptacle. 
This receptacle was then connected to a coaxial cable 
which fed into the Type 535A Oscilloscope. The circuit 
is shown in Fig. 13. The triggering mode of the oscil-
loscope was D.C .. 
r---·-------<' 
To Oscilloscope 
~-
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Piezoelectric 
Crystal 
Conducting 
~ Material 
-----Ground Wire 
-------::::;,.------
----Positive Lead to 
Piezoelectric Crystals 
Fig. 13 - Piezoelectric Circuit 
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Channel A was used to accept the s~gnal from the p~ezo-
electric crystal. The sweep rate was set at 20 ~sec/em. 
The vertical voltage scale was Zv/cm. D.C. and Normal. 
The Piezoelectric crystal . circuit was used tO 
determine the time of arrival of the shock wave produced 
by the plane wave generator. By knowing the distance 
between the plane wave generator and the crystal and the 
position of the ionization wires, an approximate value 
of the velocity of the shock wave through air was deter-
mined. 
The piezoelectric crystals were orientated so that 
the compression pulse gener~ted a positive voltage on 
the oscilloscope. 
The polarities of the Impact-ducers were not deter-
mined by the manufacturer. The following method was 
used to determine their individual polarities. An un-
confined compression tester made by Soiltest was used 
as the loading device. Two brass platens were used to 
sandwich the individual crystals between the loading 
points of the tester. Plexiglass insulators were em-
ployed to insulate the platens from the metal parts of 
so 
the loading device. A lead wire was run from each plat-
en to a BNC panel receptacle which in turn was connected 
to a coaxial cable and then to the Type 53SA oscilloscope. 
The oscilloscope was triggered automatically off line 
voltage . The input signal was sent to channel A, D.C .. 
The voltage scale was set at O. Sv/cm and the sweep rate 
was 100 ~sec/em. The setup is shown in Fig. 14. 
When the crystal was loaded in compression either 
a positive or a negative voltage was observed on the 
oscilloscope screen, depending on the orientation of 
the crystal. The side of the crystal which became pos-
itive when compressed was marked with a plus sign and 
termed positive. 
Plane Wave Generator -_ Design and Construction. The 
plane wave generator used in this research is basically 
a DuPont Line:wave Generator (EL506C) in combination 
with DuPont sheet explosive (EL-506A). The desigri of 
the generator is shown in Fig. 15. DuPont Line-Wave 
Generators are in the form of perforated, equilateral 
triangles measuring 10.9 inches on a side and are pre-
pared from flexible DuPont sheet explosive. The sheet 
explosive is perforated in such a manner that a det-
onation initiated at any one of the apexes will 
51 
Loading Device 
To Oscilloscope 
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/Insulators 
Fig. 14 - Schematic Arrange~~nt for Determining Crystal 
Polarities 
• 
proceed as a straight-line detonation zone to the op-
posite edge. 
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The rate of detonation of the 0.050-inch thick 
generator is approximately 6800 m/sec along the straight-
line path from apex to apex, and the effective rate is 
5800 m/sec along the sinuous path from an apex to the 
midpoint of the opposite side. 
For proper functioning, line-wave generators of 
this equilateral triangle design must be initiated at 
an apex where two unperforated borders meet. Therefore, 
any of the three apexes of a generator may be initiated. 
For this project three line-wave generators with a base 
of 5 inches were obtained from each line-wave generating 
unit. 
DuPont sheet explosive is basically PETN combined 
with various ingredients enabling it to be produced in 
a sheet form. This material is available in sheets 
10 by 20 inches of varying thickness. Type A Detasheet 
was used with a thickness of .084 inches and a weight 
of 2 gms/i~~z. For experimental purposes, this sheet 
explosive is designated EL-506A and has been classified 
by the Bureau of Explosives as a Class A, Type 3 High 
Explosive. 
The plane-wave generator was detonated with a Type 
0 Electric Blasting Cap made by Atlas Powder Company. 
Cardboard 
,.. 
3/8" v 
10 1/8" 
Sheet Explosive (EL-506A) 
.;, 
3/8" J. 
5" 
3/ 8" v . ----· 
"':' "" ----· - - --
! 
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2~" 
Line Wave Generator 
5 3/4" 
Fig. 15 - Plane-Wave Generator Design 
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The firing circuit is shown in another section. At the 
apex of the line-wave generator a double thickness of 
explosive 'vas used. The blasting cap was placed normal 
to the generator and a single sheet of explosive was 
glued to the generator support with DuPont Duco Cement. 
A small strip (~ inch) of sheet explosive was also glued 
over the joint between the line-wave generator and the 
sheet explosive. A cardboard backing was used to support 
the sheet explosive. This is a modification of the de-
sign shown in a DuPont Technical Information Bulletin 
(21) in which a second sheet is affixed to the bottom 
of the generator. The charge to specimen distance in 
all tests was arbitrarily taken to be the distance from 
the inside edge of the generator unit to the near face 
of the specimen. 
Measurement of ~ongitudinal Velocities. A method sim-
ilar to that used by Hughes, et. al., (22) was employ~d 
to measure the longitudinal velocities. A schematic of 
the circuit is shown in Fig . 16. A pulse of 10 ~sec 
duration was generated by a Hewlett Packard Model 214A 
pulse generator. The initial pulse was divided between 
th d and channel B of the e input piezo-electric trans ucer 
oscilloscope. The oscilloscope was triggered by the 
Pulse Generator 
Trigger 
Output 
piezoelectric Transducers 
'O 
Pulse 
Output Oscilloscope 
Fig. 16 - Schematic Arrangement for Measuring Longitudinal Wave Velocities 
Vl 
Vl 
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trigger output of the pulse generator. The input piezo-
electric transducer converted the electrical pulse to a 
mechanical pulse which was propagated thro~gh the m6del. 
The output transducer reconverted the mechanical pulse to 
an electrical pulse which was fed to channel A of the 
oscilloscope. The transducers used were Clevite piezo-
electric ceramic PZT~5, ~ inch diameter, and~ inch 
thick. Since the oscilloscope used was a single beam 
Tektronix Type 535 with a Type 53/54A plug in unit, it 
was necessary to switch between channels A and B to 
obtain the time deliy. The time delay. was the time 
measured on the oscilloscope trace between the beginning 
of the input pulse on channel B and the first arrival on 
channel A. Knowing the longitudinal dimensions of the 
specimens and the time to transverse it, the longitudi-
nal velocity of the Hydrostone specimens could be deter-
mined. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
The average velocity of a shock wave through air was 
measured at distances ranging from 10 inches to 24 inches. 
It was found to be approximately 10 , 000 ft./sec. 
The longitudinal wave velocity of the test specimens 
was checked in preliminary experiments by measuring the 
time interval between the shock wave arrival at the piezo-
electric crystal and when the free surface just began to 
move on the capacitance trace. It was found that the 
longitudinal velocities obtained in this way were reason-
ably close to the lorigitudinal velocities obtained by the 
ultrasonic pulse technique . 
. The longitudinal velocities as measured by the ultra-
sonic pulse t~chnique did not vary more than ±3% from 
a mean velocity of 10,000 ft./sec. 
Preliminary tests to determine the most desirable 
size of the plane wave generator were performed. Orig-
inally two sheets of explosive were used in the generator 
unit as recommended. In order to decrease the violence 
of the explosion the second sheet was not used. A plane 
Wav h t f explosive was used e generator with a single s ee o 
in all the experiments described in this thesis. 
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The results of stress measurements made dur ing this 
project were obtained as oscilloscope traces r e c orded 
photographically. These traces are shown in Appendix A. 
In order to determine stress versus t ime graphs the 
oscilloscope traces of the capacitance gauge were first 
enlarged to a convenient scale. The enlarg~d t races 
were then broken into increments of volta g e and time as 
shown in Fig. 17. From equation 43 shown i n the section 
Capacitive Transducers, increments of sur face displace-
ment were determined. 
Using the data from specimen 1 
!J.X = !J.V 
x + !J.x v 
c' + 
1 
!J.v = -.125 volts from Fig. 17 
1 
!J.x -.125 (2926.8 + 12 . 9) 
= 400 . 1 2 .9 . 
. 075 + !J.X 
11x = -.00498 in. 
1 t separation and cor-After determining a new p a e 
from Fig . 9 , the second in-responding new capacitance 
crement is analyzed. 
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Time 1 in. = SO 11sec 
Fig. 17 - Enlargement of Oscilloscope Trace 
~v ~ -.250 volts 
2 
cg ~ 13.6 pf 
X~ .075 - .00498;:: .07002 
~X = ~~_?_Q_ _( 2 9 2 9 • 6 + 13 . 6) 
.7002 +~X 400 13.6 
11x = -.00835 in. 
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The above procedure is then r epea ted f or each o f the 
voltag e increme nts. Since the time inte rva l is known for 
each increment of displacem~nt the average free-s u rface 
velocity for that interval can be determined. 
From Fig. 17, ~t ~ 15 usee 
1 
vs - = average free-surface veloc i ty f or f i rst in-
1 
crement 
11X 
= _l_ = fit 
1 
.00498 
15(10- 6 ) 
= 332 i n.f s ec 
By us i ng the approx i mation that vp ~ v 5 /2 corresponding 
increments of average particle veloci t y were determined . 
332 
= = 
-z- 166.0 i ns.f sec = 1 3 . 84 ft / sec 
Fr om the data obtaine d on long i tudinal wave velocities 
and density measurements the stress at any time can be 
determined from equation 10. 
a = pcv 
The average stress for the first increment is 
a= 3.1 (10,300)(13.84) 
= 442,000 lbs/ft2 = 3070 lbs/in.2 
Similar calculations were made for the second and 
successive increments . 
A typical graph of stress versus time 1s shown 1n 
Fig. 18. 
The stress history of the specimen at the point 
where fracture · occured was determined by superimposing 
two identical stress pulses, the incident compression 
pulse and the reflected tension pulse. These pulses 
were offset by a time equal to the time required for a 
longitudinal wave to travel from a spall to the free 
surface of the specimen and b a ck to the spall surface. 
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A complete graph of incident and reflected stress versds 
time is shown in Fig. 18. Time zero is taken as the time 
the incident compression pulse first reaches the point 
Where the fracture occured. 
A graph of net strain versus time was obtained by 
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dividing the net stres~ for e~ch inctem~nt by the pro-
duct of the material density and the square of ~he longi-
·rudinal velocity a~cor~i~g to the equation 
€ = pc2 L 
The resulting graph is shown in Fig. 19. 
The strain rate in the direction of propagation was 
obtained by differentiating the strain versus time curve. 
The resulting graph is shown in Fig . 19. 
The results of the fracture time measurements 1n-
dicated that the fracture time circuit was not function-
ing as intended. The measured times did not always cor-
respond to the time that net tensile stresses occurcd 
at the failure plane. 
Figs. 18, 20 and 22 show the stress versus time 
graphs for specimens at a distance of 10 3/4 and 11 inches 
from the explosive charge. The stress pulse does not 
ha·ve · an 1nstantaneous rise time. All of the graphs show 
two distinct positive peaks. The second peak in e ach 
case rising to the highest stress. The stress level of 
the first peak for all of the specimens tested at the 
above distances varied between approximately 3400 and 
47 00 psi and occured at times varying from 40 to 60 ps e c. 
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The second peak varied between 4600 and 6000 psi. A spall 
formed at approximately 2.0 to 2.2 inches for all speci- · 
mens. The graphs of net stress versus time shown in Figs. 
18, 20 and 22 show the stress history of the specimen at 
the location of failure aDd have essentially the same 
shape. They rise to a maximum net compressive stress 
of 3000 to 4400 psi and a maximum tensile stress 3500 to 
4200 psi. 
Figs. 19, 21 and 23 show combined graphs of strain 
versus time and strain rate versus time. The strain 
versus time graphs are similar in shape to the net stress 
graphs shown for each specimen. In general they all rise 
to some peak positive strain and then decrease to negative . 
values. 
The strain rate versus time graphs exhibit the same 
characteristics. They initially exhibit a high positive 
strain rate which quickly changed to a negative strain 
rate, and then back to a .positive strain rate. 
Figs. 24 and 26 show the stress versus time plots 
for a shot to specimen distance of 8 3/4 inches. The 
stress wave does not have an instantaneous rise time. 
They appear to level off at approximately 5000 psi. 
'fh · . · t ly 6000 psi between 
ere 1s a sudden r1se to approx1ma e 
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90 and 100 ~sec. 
Fig. 24 rises to an initial peak of 5500 psi and 
then drops off to approximately 4000 psi before the second 
peak starts. Due to the limited range used Figs.24 and 
26 only shows a duration of 100 ~sec. Fig. 24 indicates 
that the stress will keep rising beyond this time to more 
than 7000 psi. Data was not obtained in the region of 
decreasing stress due to the limits of the recording 
equipment used. Therefore, the graphs only show the ris-
lng portion of the stress wave. A spall of 1.4 inches 
was measured on the specimens corresponding to Figs.24 
and 26. The reflected tension pulse arrived at the point 
of spall failure in both cases at a time of approximately 
22 ~sec. The net stress graphs for both plots have es-
sentially the same shape. 
Fig. 24 shows a maximum net tensile stress of 860 
Psi at 60 d p· 26 shows a maximum net tensile 
. ~sec an 1g. 
stress of 200 psi at 95 ~sec. 
The strain versus time graphs in both cases hqve 
the same shape as the net stress plots. 
Fig. 25 shows a combined graph of strain and strain 
r t . #4 The plot shows a peak a e versus time for spec1men · 
positive strain of 1606 . ;· and a peak negative p1n. 1n. 
st . The strain rate for the same 
ra1n of 392 ~in./in .. 
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graph varles from a positive 130 ~n./in./sec to a nega~ 
tive 172 1n./in./sec. 
The combined strain and strain rate _ graphs for spec-
1m en S at the same charge distance is shown in Fig. 27. 
The graph shows a peak positive strain of 1008 pin~{in. 
and a peak negative strain of 89 pin~/in .. The sttain 
rate for the graph varies from a peak positive of 125 
in./in./sec to a negative 143 in./in~/.sec . . ·
Fig. 28 shows a graph of incident stress versus time 
for a special cylindrical specimen 7 inches long and 6 
inches in diameter at a distance of 7 3/4 inches from the 
explosive charge. The distance 7 3/4 inches was used to 
recreate the situation of a 4 inch thick specimen at a 
charge distance of 10 3/4 inches. This specimen was used 
in an attempt to eliminate the second peak in the stress 
versus time graphs. It was believed that the stress pulse 
generated was longer than twice the thickness of the 
specimen. This situation would result in the initial 
part of the incident stress pulse being . added to its own 
tail causing the sudden rise in stress which can be seen 
on all graphs of previous tests. 
I · 28 that the stress does 
. t can be seen from Flg. 
not rise instantaneously. The first three peaks the 
highest of which is 3363 p~i are thought · to .be the 
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incident part of the stress wave returning as a compres-
sive pulse from the initial free face. Calculations 
show that it would take the incident stress pulse approxi-
mately 140 ~sec to travel twice the length of the speci-
men. Thus the arrival of the front of the twice reflected 
stress pulse would occur at approximately 140 ~sec on 
the graphs. The graph does in fact show a sharp rise 
in stress between 120 and 150 ~sec; thus verifying the 
above contention. 
The graph of net stres s versus time shows the stress 
history at a point 3 inches from the gauge end of the 
specimen. The net stress is entirely compressive ex-
cept for a tensile stress of 200 psi at approximately 
165 ~sec. 
The graph of strain versus time shown in Fig. 
is similar in shape to that for the net stress. There 
was an initial waximum positive peak strain of 1847 
~in./in. at 55 ~sec. The strain then approached and 
became zero at 150 sec, and then changed to negative 
strain reaching a peak of 122 at 165 psec. 
· · p · 29 The graph of strain rate versus t1me 1n 1g. 
exhibited a positive peak strain rate of 198 in ./ in .jsec 
at 2.5 ~sec and then went to a negative peak of 21 2 
in.fin./sec at 62.5 ~sec. A zero strain rate occured 
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between 35 and 45 ~sec. The strain rate then decreased 
until a second negative peak was reached at 155 psec. 
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Specimen Number 1 
f 
Density 3.10 
. (lb. -sec 2 /£t 4 
Longitudinal Wave 10,300 
Velocity (ft/ sec) 
Gauge Voltage 400 
Spall Thickness (i n·.·.) 2.0 
Plate Separ at i on .075 (in . )_ _ 
Charge to Specimen 10 3/4 
Distance (in . ) 
I f f 
2 I 3 t 4 I I ~ ; I - - - --i---- --·--~- t---l i 
; l ' .-' 3.08 I 2.93 ;t 3.02 t I 
I l ! 
-I ~ 
~ 
1 
~ 
~ 
10,130 10,000 3 10,220 I I • t • ;. ~ 
I ' 
' 
~ 
~ 
430 360 
I 
380 
2.0 2.0 1.4 
.075 .075 l .075 
I 
10 3/ 4 11 8 3/4 
Table 1 - Specimen Data. 
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CHAPTER V 
CONCLUSIONS 
A capacitive transducer was developed for measuring 
the transient stress in Hydrostone blocks loaded by an 
explosive plane wave generator approximately one foot from 
the specimen. It was found that for one sheet of explosive 
on the plane wave generator the critical stand-off distance 
for spalling to occur was approximately 11.5 inches. Two 
verifications that the gauge was giving an accurate measure 
of the free surface motion were: 
(1) The time delay before the free surface started 
to move corresponded to that calculated from 
the longitudinal wave velocity in the Hydrostone 
and the time the explosive shock first reached 
the specimen. This latter time was determined 
by the piezoelectric circuit. 
(2) Variations in· charge to specimen distances re-
sulted in corresponding variations in stress 
level. W
ere measured with de-Higher stresses 
creasing distances from the charge. 
It was concluded that the specimen size should be in-
creased by a factor of at least two. The stress wave 
generated d be 1 er than the longitudinal was foun to ong 
dimension of the specimen. This complicated determining 
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the stress history of the specimen because the front of 
the twice reflected incident pulse interfered with its 
own tail. This problem was investigated further by using 
longer specimens. It was found that the time delay for 
the characteristic jump in stress corresponded to twice 
the travel time of the stress pulse through ·the specimen. 
It was concluded that the fracture time measurements 
were not reliable. The fracture times were correlated 
with the stress history graphs of each specimen for an 
observed spall thickness. This comparison indicated that 
the times obtained did not correspond to the times at 
which tensile stresses occured. It was not certain 
whether the circuit was breaking prematurely at the sur-
face connections on the specimen or by some means other 
than spalling. 
Due to the difficulties encountered in measuring the 
time of fracture accurately the stress, strain and strain 
rate at the time of fracture could not be determined. 
Although graphs of stress, strain, and strain ~ate versus 
· f t re occured was 
time were obtained, exactly when the rae u 
not determined. 
that the Var iations in the fabrication It was thought 
d most of the 
of the specimens and the plane wave cause 
· d der identi-
observed deviations in experiments performe un 
cal conditions. 
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A complete discussion of the results has already been 
given in the previous chapter. From data obtained from 
the gauge, stresses rangi~g £rom 0 to 7000 psi were deter-
mined. Strains as high as 2000 ~in./in. were determined 
from the net stress data. Negative and positive strain 
rates up to 200 in./in./sec were calculated from the 
strain data. 
are: 
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CHAPTER VI 
RECOMMENDATIONS FOR ;FURTHUR INVESTIGATIONS 
Several areas 1n which further study are recommended 
1 . Extend the present investigation to using larger 
specimens so that the shape of the incident stress 
wave may be accurately determined, without the 
complication of the reflected waves. 
2. Investigation of more suitable conductive mate-
rials that can be imbedded in the specimen to 
record the time of fracture. It was thought 
that the bond between the graphite rods and the 
plaster was not as strong as it should be. 
3. Investigation of the air shock produced by the 
plan~ wave generators as used in this investi-
gation. Propagation velocity, peak pres~ure, 
shape of the wave, duration, and attenuation 
would all be useful quantities to know as a 
function of distance from the charge. 
4. An investigation similar to the one described 
to be performed on real rock materials. 
5. Devise a method of measuring the fracture time 
in a real rock where the fracture time circuit 
cannot ' be cast in pl~ce · 
1. 
2 . 
3. 
5. 
6. 
7. 
8 • 
9 . 
10. 
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APPENDI X 
The following pages contain t he photographs of the 
oscilloscope traces from which t he data described in the 
thesis ~as obtained . 
tV 
-v 
Specimen #1 
Upper Trace - Fracture Time 10/cm 
Lower Trace - Capacitive Gauge O.Sv/cm 
Time Scale - 50 ~sec/em 
Specimen 112 
Capacitance Trace - O.Sv/cm 
Time Scale - 20 ~sec/em 
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+v 
-v 
~pecimen #3 
Upper Trace - Fracture Time -lOv/cm 
Lower Trace - Capacitance Gauge -lv/cm 
Time Scale - 50 ~sec/em 
Specimen 114 
Capacitance Trace - lv/cm 
Time Scale - 20 vsec/cm 
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-v 
-v 
Specimen #5 
Capacitance Trace ; - lv/cm 
Time Scale - 20 ~sec/em 
Specimen #6 
Capacitance Trace - O.Sv/cm 
Time Scale - 20 ~sec/em 
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